A review of possible roles of the platelet 12-lipoxygenase ALAN R. BRASH, PH.D. THE 1 2-LIPOXYGENASE ENZYME of platelets was the first lipoxygenase to be discovered in animal tissue, 1 yet its physiologic significance remains far from clear. The enzyme catalyzes the reaction of arachidonic acid with molecular oxygen to form 12(S)-hydroperoxy-eicosatetraenoic acid (1 2-HPETE); under most conditions the majority of the hydroperoxide is reduced to the hydroxy form (1 2-HETE) and released from the cell. What is the function of this very simple transformation? At present we have no definitive answer. The pathways of arachidonic acid metabolism that are understood lead to the formation of potent biological mediators such as the prostaglandins and leukotrienes. However, there is no obvious analogy to these mediators in the 12-lipoxygenase pathway. For this reason, even the most elementary consequences of the platelet 12-lipoxygenase reaction are included in the following list of possible functions of the pathway:
(1) Reaction forms 12-HPETE or 12-HETE as a specific mediator?
(2) Reaction consumes molecular oxygen. (6) Involvement in cell-cell interactions? Figure 1 illustrates the overall reaction in its most elementary form. Lipoxygenases react the polyunsaturated lipid substrate (LH in figure 1 ) with molecular oxygen to form a lipid hydroperoxide (L-OOH). The cyclooxygenase reaction involves two steps of lipoxygenase-like oxygenation. For comparison, figure 1 also shows the simple equation for p-450. This enzyme complex can be regarded both as a monooxygenase (formation of L-OH) and as a mixed-function oxidase (multiple cosubstrates are used in the reduction of molecular oxygen to water). Note that a reducing cofactor is required by p-450 but not by the lipoxygenase or cyclooxygenase.
In the following review of the 12-lipoxygenase, the possible physiologic functions are considered by reference to six consequences of the simple reaction:
LH + 02 -* L-OOH Currently, the balance of evidence weighs heavily against 12-H(P)ETE acting as a specific agonist acting via specific receptors. There is no evidence for specific modification of the aggregation, adhesion, or secretory functions of platelets. This must be considered as one of the least likely functions of the platelet 12- lipoxygenase.
Reaction consumes molecular oxygen. Several years ago this was considered as a possible function of the lipoxygenases commonly found in plants,"5 although little evidence has been presented to substantiate the possibility. With regard to the 12-lipoxygenase of platelets, it is relevant to point out the potentially high capacity to oxygenate arachidonic acid and hence the corresponding capacity to deplete cellular levels of oxygen. In a well-stirred system such as the circulating blood or in platelet-rich plasma in vitro it is inconceivable that a significant depletion of oxygen could be attained. The only realistic possibility for oxygen depletion is within a mass of clumped platelets. For example, within a platelet plug on a blood vessel wall, the activity of the 12-lipoxygenase might render the system anaerobic.
Several articles have drawn attention to the fact that the 1 2-lipoxygenase is slow to be activated in the intact platelet'6 17 and it remains active well beyond the time required to aggregate the cells. 2' 8 This is in contrast to the cyclooxygenase, which is inactivated after a short burst of activity. Although it may appear unlikely that depletion of oxygen is the physiologic function of the platelet 12-lipoxygenase, this possibility should not be rejected out of hand. Clearly, the activation and aggregation of platelets is followed by gross structural and metabolic changes within the cell. There are no data one way or the other to indicate whether forced depletion of oxygen by lipoxygenase activity could contribute to these changes. Nevertheless, if there is significant enzymatic activity in a closed system such as a clump of aggregated cells, then it may well be worth calculating the rate of oxygen depletion by the lipoxygenase and the rate of replenishment by diffusion from the surrounding fluids.
Reaction consumes arachidonic acid. Potentially, arachidonic acid is a far more potent mediator than 12-HETE. By conversion to prostaglandins, thromboxane A2, and leukotrienes it forms highly active agonists. In contrast, no highly active metabolites of 12-H(P)ETE have been described. Therefore, there emerges the very real possibility that the function of the 12-lipoxygenase pathway is to inactivate free arachidonic acid and thus prevent the generation of biologically active products.
There is another potentially significant consequence of the metabolism of arachidonic acid to 1 2-H(P)ETE. In the unactivated platelet, the cell membranes are relatively rich in esterified arachidonic acid. During cell activation the structure of the cell membrane is altered to permit change in shape, adhesion, and secretion. The 1 2-lipoxygenase eliminates free arachidonic acid, and as stated earlier it continues to function well BRASH after the immediate events of platelet activation. Therefore it is quite possible that the 12-lipoxygenase could act to eliminate arachidonic acid and hence, either facilitate structural changes that accompany the adhesion and secretory process and/or prevent the reversal of structural changes in the membrane.
The idea that the platelet lipoxygenase functions as a metabolic sink for free arachidonic acid may not be very exciting, but it remains a very real possibility that is in accord with our current understanding of arachidonic acid metabolism and the events that accompany platelet activation.
Reaction forms a hydroperoxide: effects on cellular metabolism. The platelet 1 2-lipoxygenase forms 12-HPETE, but under most experimental conditions it is the hydroxy analog 12-HETE that is released from the cells. Reduction of the hydroperoxide involves a sequence of redox reactions, and ultimately the reducing equivalents are generated at the expense of glucose. As the hydroperoxide is reduced, glutathione is oxidized and then replenished with equivalents from NADPH, which is itself regenerated via the hexose monophosphate shunt. It is therefore apparent that the formation of a hydroperoxide per se could influence cellular metabolism in the platelet and thus modulate cellular function. Notably, lipoxygenases generate hydroperoxides in a reaction that needs no cofactors; in contrast, cellular formation of hydrogen peroxide requires the reduction of molecular oxygen at the expense of NAD(P)H.
The quantitative relationship between 12-HPETE formation, hydroperoxide reduction, and platelet redox balance was examined by Bryant et al. ' 8 They found that the synthesis and subsequent reduction of 3 to 10 nmol (1 to 3 gg) of 12-HPETE by 3 x 101 platelets required the consumption of 10 times more reduced glutathione (GSH) than was present in the resting cell. In other words, a very rapid regeneration of GSH is required to enable the cells to deal with this amount of hydroperoxide.
Could a temporary depletion of GSH exert (indirect) effects on cellular function? Bosia et al. 9 have shown that chemical agents that deplete cellular GSH cause inhibition of platelet aggregation and secretion. Crossbinding of disulfide proteins was also shown to accompany GSH depletion and this may be related to the antiaggregatory effects.'9 If these findings have any relevance to the formation of 12-HPETE in platelets, then 1 28 It has also been shown that bradykinin is a specific stimulus for the synthesis of these products in human platelets. 29 Formation of the first group of products, the nonenzymatic breakdown products of 12-HPETE, depends on accumulation of the hydroperoxide in the cells. Selenium deficiency (glutathione peroxidose deficiency) is one extreme circumstance known to promote this condition. The demonstration of product formation has also always depended on addition of exogenous arachidonic acid. This is necessary to increase the yield of 12-HPETE and thus to overcome the very efficient mechanisms for reduction to 1 2-HETE within the cell. The nonenzymatic breakdown products are not formed from 12-HETE.
The second group of products, the 15-series dihydroxy leukotrienes, also require the addition of exogenous substrate to form detectable amounts of the compounds. The yields from exogenous arachidonic acid are very low; addition of 15-HPETE improves the yield,28 but this is a very artificial condition. The preliminary report that bradykinin stimulates biosynthesis of these products certainly deserves further attention. However, our current state of knowledge tends to suggest that all the products considered in this section are no more than biochemical artifacts formed under extreme conditions in vitro.
Involvement in cell-cell interactions
Inactivation of prostaglandin (PG)Ib synthase. Prostacyclin synthesis is very sensitive to inhibition by fatty acid hydroperoxides. 30 Consequently it has been suggested that the 12-lipoxygenase activity of platelets could result in inhibition of PG12 synthesis in the vascular endothelium. However, there are at least two major problems with this simple hypothesis. First, an exogenous source of arachidonic acid is needed to generate large amounts of 12-HPETE. Second, it is questionable whether the hydroperoxide 12-HPETE can escape from the platelet without being reduced to 12-HETE. This particular point was studied by Turk et al.3' Indomethacin-treated platelets were stirred together with aortic microsomes. In effect, the PG12 synthase activity of the microsomes served as an assay for the escape of platelet-derived 12-HPETE into the extracellular medium. It was found that the synthesis of PG12 from PGH2 was not compromised by prior stimulation of the 12-lipoxygenase pathway in intact platelets. Thus it could be inferred from these results and the appropriate controls that 12-HPETE was reduced to 1 2-HETE before its release into the medium.
Novel eicosanoid products derived via platelet-leukocyte interactions. The consecutive actions of oxygenases in separate cell types can lead to the formation of novel products. This aspect of cell interactions is the subject of another contribution to this symposium32 and is reviewed very briefly here. The first of the double oxygenation products to be identified, 5(S), 12(S)-DiHETE, was originally detected as a product of porcine leukocytes.33 White cells of this species contain both 5-lipoxygenase and 12-lipoxygenase activities. Subsequently, the formation of 5(S) 12(S)-DiHETE was studied in mixtures of human platelets and leukocytes.34 3 More recently, the w,1-oxidation metabolite of 12-HETE, namely 12,20-DiHETE, was detected in platelet-leukocyte mixtures.36' 37 As yet, these products have not been shown to exhibit marked biological activity.
Platelet lipoxygenase products and vascular relaxation. We have investigated the biological activity of lipoxygenase-derived products in causing relaxation of vascular smooth muscle. It seemed possible that a 12-lipoxygenase or 15-lipoxygenase product could account for the biological activity known as "endothelial cell derived relaxing factor," EDRF. 35 We have taken two approaches to testing the ability of lipoxygenase products to relax arterial smooth muscle. First, we have tested the biological activity of authentic standards. These included 14, 15-LTA4 and its derivatives, which were prepared in our laboratory. In this way we were able to discount the involvement of all the prostaglandins and leukotrienes. The 15-lipoxygenase products tested included 14, 15-LTA4, 14, 15-LTC4, 14,15-DiHETE, 8, 15-DiH(P)ETES, and 5, 15-DiHPETE. None were active in concentrations up to 5 ,uM.* Our second approach was to encourage the generation of unstable lipoxygenase products and by-products in situ in the bioassay tissue bath. This was accomplished with hemoglobin to catalyze the autoxidation of authentic HPETEs added to the buffer. Hemoglobin is well known to promote the autoxidative breakdown of HPETEs to hydroxy, epoxy, and peroxy derivatives.39 In this way unstable products can be formed in the tissue bath and their biological activity measured. However, the results proved to be negative. As shown in figure 2 (top) 10-5 M) , it can be seen that the autoxidation catalyzed by the mixture of 15-HPETE and hemoglobin had no effect on the tone of the vascular smooth muscle ( figure 2, bottom) . Subsequent addition of acetylcholine (10 6M) effected a pronounced relaxation typical of the endothelial cell-dependent response.
Further work is in progress on the possible involvement of lipoxygenase products in the endothelial cell- The problem of assigning a physiologic role to the platelet 12-lipoxygenase is somewhat similar to the unsolved question of the role of lipoxygenases in plants. In the case of the plant lipoxygenases, the main substrate is linoleic acid, the simplest member of the series of polyunsaturated fatty acids. The plant enzymes convert linoleic acid either to its 9-hydroperoxy or 13-hydroperoxy derivative. Because linoleic acid has only two double bonds, there is no possibility for its further metabolism to prostaglandin or leukotriene-like structures. Thus, in plant tissues and in platelets, both rich in lipoxygenase activity, polyunsaturated fatty acid is converted to a simple hydroperoxy derivative. In neither case does it appear that the objective is to form biological mediators analogous to the prostaglandins and leukotrienes.
Six potential consequences of platelet 12-lipoxygenase activity have been considered in this review. Undoubtedly some of these are farfetched. Nevertheless it is worth adding up the evidence for and against before rejecting the hypothesis. It does seem improbable that 12-HPETE or any of its minor dihydroxy or other derivatives acts as a specific mediator or agonist. Furthermore, the concept that lipoxygenase activity could deplete cellular oxygen or cellular gluthathione demands that there is an exceptionally high turnover of the enzyme. In fact, it is difficult to make a convincing case that the 12-lipoxygenase of platelets is involved in the rapid series of events that results in adhesion, aggregation, and secretion of the granular contents of the cell. Rather, the evidence points to the fact that the 12-lipoxygenase continues to turnover well after the cells are fully aggregated. This may be related to some aspect of cell-cell interaction, or possibly it marks the metabolism of the potent biological mediator arachidonic acid to the relatively innocuous product 12-H(P)ETE.
